1. Introduction {#sec1}
===============

With the rise of global terrorism, as well as of other security and military applications, the reliable detection of explosives has risen greatly in importance over the last several decades. The commonly used trace detection techniques include colorimetric sensors, which have the advantage of being portable and hand-held. However, they have significant disadvantages, such as the high incidence of false positives and negatives.^[@ref1]^ Another widely used technique is ion mobility spectrometry (IMS), currently employed for the trace particle and vapor detection of explosive compounds.^[@ref2]^ However, the swabbing and transfer of particles into the spectrometer are done manually,^[@ref3]^ providing a potential for human error.

Vapor-phase detection is particularly useful for continuous, long-term monitoring and requires less human action than the currently common techniques detailed above. However, many explosives have very low vapor pressures, making their detection in the vapor phase difficult.^[@ref4]^ A common vapor detection method is by the use of dogs, the detection limit of which is very low; however, they have high through-life costs in comparison with equipment.^[@ref1]^

2,3-Dimethyl-2,3-dinitrobutane (DMNB; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) is the most widely used of three detection taggants, which are added, by law, into plastic explosives during their manufacture.^[@ref5],[@ref6]^ Such taggants, although present in small quantities, have a much higher vapor pressure than the explosives themselves and therefore are ideally suited for vapor-phase detection.^[@ref4]^ Currently, however, such detection of DMNB is relatively immature.

![Structure of the DMNB molecule.](ao0c01615_0001){#fig1}

Preconcentration techniques for the enhancement of signals are extremely useful in vapor-phase detection. This is particularly the case in large, open spaces, where the concentration of even relatively high-vapor-pressure compounds is low. In this work, nanoporous silica, which has been studied for many decades as a sensor material,^[@ref7]^ is used as the preconcentrator. Produced by in-house etching of crystalline silicon wafers,^[@ref8]^ this material consists of a network of nanometer-scale interconnected pores, with a very high surface area, which makes it adept at trapping analytes.

Silicon and silica are most often used in preconcentration applications as a matrix to hold an adsorbent. For example, devices including a micromachined silicon grid and silica nanoparticles have been used to hold carbon-based adsorbents for the preconcentration of benzene and other volatile organic compounds, respectively.^[@ref9],[@ref10]^ The preconcentration of orthonitrotoluene has also been done using various adsorbents packed into a silicon micropillar array, achieving maximum preconcentration factors, compared to a system without adsorbents, of the order of 10.^[@ref11]^

Porous silicon, also, has been used for a similar purpose: Camara et al. have published several papers on carbon (in the form of powder, nanotubes, or graphitized carbon) deposited inside porous silicon microchannels. This material is then used as a preconcentrator for gaseous benzene and nonexplosive aromatic nitro compounds, such as nitrobenzene and dinitrotoluene (DNT).^[@ref12]−[@ref14]^ A preconcentration factor (the ratio between the maximum measured concentration during desorption and the injected concentration) of about 60 was achieved for benzene; the preconcentration factors for other compounds were not reported.^[@ref14]^ High desorption temperatures between 200 and 300 °C were required throughout.

Similarly, Tudisco et al. have functionalized a porous silica surface with an aromatic selective receptor called "EtQxBox" for the selective adsorption of nitrobenzene. Although this material seems promising, it has not yet been developed into a preconcentrator or integrated into a sensor system.^[@ref15]^

However, the authors believe that the use of porous silica itself as a preconcentrator for the vapor-phase detection of DMNB has never been reported at the time of writing. The only group that appears to have used plain silicon for a similar purpose is that of Giordano et al. that fabricated a silicon nanowire array to be used as a preconcentrator for DNT and trinitrotoluene. They achieved detection limits of the order of 0.1 ppb using mass spectrometry (MS), although the preconcentration factor was not reported.^[@ref16]^

Different preconcentration systems that do not include porous silicon or silica have also been investigated for the detection of DMNB and other explosives. The Almirall group investigated the addition of solid-phase microextraction (SPME) to an IMS system.^[@ref3],[@ref17]^ Volatile compounds are extracted by absorption onto a polymeric coating, placed inside the injection port of the IMS system, and desorbed by heating to high temperatures. For DMNB, the limit of detection of the SPME--IMS system was calculated to be 0.31 ng, sampled from a quart-sized can, compared to 2.23 ng from a traditional filter paper IMS method. A temperature of 260 °C was found to be optimal for the desorption of DMNB.^[@ref3]^

In a later paper by the same group, gas chromatography--MS (GC--MS) analysis was used to quantify the amount of analytes absorbed onto the polymer-coated fiber used for SPME.^[@ref17]^ Sampling times of the order of minutes allowed the collection of 20 ng of DMNB from the headspace of a vial containing 1 g of commercial plastic explosives; this was approximately 10 times the limit of detection of the IMS sensor. However, the vapor-phase concentration of DMNB was not measured, and therefore the collection efficiency of the fiber was not calculated; it is not known how it would perform in a larger space, with a lower DMNB concentration. Preconcentration factors were not calculated in either paper.

The Zellers group used a graphitized carbon-based preconcentrator to detect DMNB in combination with a microfabricated GC column.^[@ref18],[@ref19]^ Although this system had a low limit of detection, described as "sub-ppb concentrations", the setup was complicated, with many separate microfabricated parts. In addition, thermal desorption was carried out at 250 °C, a relatively high temperature. A preconcentration factor of 4500 was reported for DMNB, although this is not directly comparable to the factors reported for other technologies above, as it was calculated differently. This preconcentration factor was defined as the ratio of the volume of the N~2~ carrier gas containing DMNB that passed through the microfocuser to the peak generated by the microfocuser.^[@ref18]^

A different preconcentration technique was used by Gruznov et al., consisting of a woven metal wire grid, also in combination with a chromatography column.^[@ref20]^ It was found that a relative humidity of 26% decreased the amplitude of the GC peak for DMNB by 7 times, and thereafter dry air was used for their measurements. A limit of detection of 0.1 pg/cm^3^ was achieved, compared to 2.7 pg/cm^3^ without the preconcentrator, although the preconcentration factor was not calculated and desorption conditions were not stated.

In this work, the capacity of a nanoporous silica (pSiO~2~) preconcentrator for the DMNB vapor was quantified. The preconcentrator can be simply and cheaply produced, and although in this work it was quantified using GC--MS, it would equally be compatible with integration into the existing IMS systems. Desorption was carried out at 70 °C, much lower than that in most of the existing literature.

DMNB vapor of known concentration was passed over the pSiO~2~ preconcentrator in a flow cell for a given length of time. During this time, pSiO~2~ was held at a specific temperature by a Peltier heating/cooling device. Then, DMNB was thermally desorbed by heating pSiO~2~ to 70 °C into a GC--MS sorbent tube, which was then analyzed to find the total amount of DMNB stored in it. The effects of varying the loading time and temperature of the preconcentrator were investigated, as well as that of varying the vapor concentration of DMNB to which the preconcentrator was exposed. A nonporous piece of surface-oxidized silicon was used as a control.

2. Results and Discussion {#sec2}
=========================

The procedure followed for the collection of the sample is outlined below:1.The output of the preconcentrator-containing flow cell was connected directly to the exhaust; no sorbent tube was attached.2.The temperature of the silica substrate was set via the Peltier device; DMNB in N~2~ at a fixed concentration was passed through the cell for a defined amount of time (loading phase).3.The valve was switched, so that pure N~2~ passes through the cell; a sorbent tube and a pump were attached to the output from the cell. The pump was switched on for 10 min, while the silica substrate temperature was increased at a rate of 30 °C/min to 70 °C (release phase).4.The pump was switched off, and the sorbent tube was removed and immediately capped; the output of the silica flow cell was connected back to the exhaust.5.The silica substrate was kept at 70 °C for a further 50 min to be cleaned completely.

This procedure was repeated for each sorbent tube collected. A photograph of the setup can be seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and another image taken closer to the cell and the sorbent tube is shown in Figure S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf).

![Photograph of the gas generation setup.](ao0c01615_0002){#fig2}

The experimental procedure outlined above was followed under systematically varied conditions, including DMNB concentrations, loading times, and loading temperatures. The concentration used was either 0.5 or 4.1 ppm; the loading time was varied from 15 to 60 min and the loading temperature from 5 to 20 °C. The values of the parameters tested are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Summary of the Experimental Parameters

  sample no.   substrate type   DMNB vapor conc./ppm   loading time/min   loading temp./°C
  ------------ ---------------- ---------------------- ------------------ ------------------
  1            porous           0                      30                 5
  2            porous           0.5                    15                 5
  3            porous           0.5                    30                 5
  4            porous           0.5                    60                 5
  5            porous           0.5                    30                 10
  6            porous           0.5                    30                 20
  7            porous           4.1                    30                 5
  8            porous           4.1                    30                 20
  9            nonporous        0.5                    30                 5
  10           nonporous        0.5                    30                 10
  11           nonporous        0.5                    30                 20
  12           nonporous        4.1                    30                 5
  13           nonporous        4.1                    30                 20

The collected sorbent tubes were analyzed by GC--MS to find the total mass of DMNB contained inside them, which corresponds to the amount of DMNB desorbed from the pSiO~2~ preconcentrator in the 10 min release phase. The raw data are given in Table S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf).

Each sample collection was repeated twice, to check reproducibility, and the average was taken and plotted. The standard deviation is shown in the following graphs as error bars. However, there were two samples (2 and 9), where only one collection was made; in these cases, no error could be calculated.

2.1. Effect of Loading Time {#sec2.1}
---------------------------

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the effect of loading time on the mass of DMNB collected. The mass increases with loading time, within the range of times tested. It is expected that after a certain loading time---when the system reaches equilibrium---a plateau value would be reached and the preconcentrator would cease to collect more DMNB.

![Effect of loading time on the DMNB mass collected in the first 10 min of desorption, after loading of 0.5 ppm DMNB at 5 °C (samples 2, 3, and 4).](ao0c01615_0003){#fig3}

The error in the mass of DMNB collected was fairly large, especially for the 60 min loading. This is likely to be due to human error in the attachment of the pump and sorbent tube; although it was done as quickly as possible, some of the collected DMNB may have been "lost" in the N~2~ flow before the sorbent tube was added.

2.2. Effect of DMNB Concentration {#sec2.2}
---------------------------------

The concentration of DMNB in the N~2~ carrier gas that passed over the preconcentrator was also varied; the results are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. In order to make a comparison, the pSiO~2~ preconcentrator was removed from the flow cell and replaced by a nonporous piece of surface-oxidized silicon wafer, of the same type and dimensions as that of the piece that was used to make the preconcentrator. This provided simply a flat surface in the place of the preconcentrator, with a much lower surface area and no porosity, but of the same material. The effect of concentration in this case is also shown.

![Effect of the DMNB vapor concentration on the mass of DMNB collected in the first 10 min of desorption, after loading at 5 °C for 30 min (samples 1, 3, 7, 9, and 12). The dashed line denotes the expected decrease in mass collected by the flat surface to 0 g at 0 ppm; this data point was not actually taken.](ao0c01615_0004){#fig4}

Although there are only three data points, this graph shows a nonlinear relationship, suggesting that at high concentrations of DMNB, the mass collected by the preconcentrator will plateau. The mass of DMNB collected on the flat surface appears to plateau at a lower concentration than that on the porous surface.

2.3. Effect of Preconcentrator Temperature {#sec2.3}
------------------------------------------

The temperature of the preconcentrator during the loading phase was varied, and the amount of DMNB adsorbed was compared to that of the nonporous surface of the same material. The results are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. On the flat surface, approximately 5 times as much DMNB was deposited at 5 °C than at 10 and 20 °C, at both concentrations. This suggests that at 5 °C, the DMNB gas that passes close to the cold surface is above its saturation vapor pressure, giving a driving force for deposition. At higher temperatures, DMNB is below its saturation vapor pressure, and therefore only physical adsorption occurs.

![Effect of loading temperature on the DMNB mass collected in the first 10 min of desorption, for porous and nonporous substrates, at different DMNB concentrations, with a 30 min loading time (samples 3, 5, 6, 7, 8, 9, 10, 11, 12, and 13). No data were collected for 4.1 ppm DMNB at 10 °C.](ao0c01615_0005){#fig5}

Unfortunately, the saturation vapor pressure of DMNB is difficult to be determined accurately, and therefore, values from the literature vary: one equation suggests 12.5 ppm at 20 °C,^[@ref21]^ whereas another source gives 2.7 ppm at 25 °C.^[@ref22]^ However, it is clear that the concentrations used in this work are close to the saturation vapor pressure at room temperature.

In order to generate DMNB vapor, solid DMNB is heated in a vapor generator to 75 or 100 °C, but the gas is likely to cool significantly while passing through the tubing, before reaching pSiO~2~. In addition, it flows continuously over the surface, and consequently its temperature is not well-defined.

On the pSiO~2~ surface, significantly more DMNB was collected than on the flat surface at all temperatures, proving the effectiveness of the preconcentrator. However, no difference was observed in the adsorption of DMNB at the three temperatures. This can be explained using a kinetic argument: because of the much larger surface area to be covered, the loading phase would have to be significantly longer for multilayers to begin to build up, and therefore only physical adsorption of individual DMNB molecules occurs. The data imply that the mechanism for this physical adsorption is not strongly temperature-dependent.

The mechanisms of adsorption onto porous surfaces are not well understood. Even for ordered mesoporous materials, adsorption is heterogeneous and difficult to predict;^[@ref23]^ this is even more true for disordered pores such as those in pSiO~2~ used in this work.

That said, the authors believe that the small diameter and curvature of the pores may result in a higher enthalpy of adsorption of a DMNB molecule in pSiO~2~ compared with a flat surface. If a molecule is released from one internal surface, it is likely to immediately collide with and adsorb onto another internal surface. The average pore size is 23 nm (see Figure S2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf)), which is only about 10 times the size of a DMNB molecule, and some pores are significantly smaller than this. Therefore, a majority of the DMNB molecules that pass close to the pSiO~2~ surface are captured and held in the pores, at all temperatures studied.

2.4. Calculations of Collection Efficiency and Capacity of pSiO~2~ {#sec2.4}
------------------------------------------------------------------

### 2.4.1. Collection Efficiency of Preconcentrator {#sec2.4.1}

The authors believe that it would be instructive to make an approximate calculation of the collection efficiency of the preconcentrator. To this end, for sample 3, six sorbent tubes were filled, one for every 10 min interval during the release phase. This allowed for the analysis of the mass of DMNB released from the porous silica over time (while held at 70 °C). These data are given in Table S2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf) and are plotted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Fitted exponential decay curve and raw data (blue points) for sample 3. One measurement was taken at each release time.](ao0c01615_0006){#fig6}

To quantify this further, an exponential decay curve ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) was fitted to the data and integrated to obtain the area underneath, corresponding to the total amount of DMNB collected inside the porous silica, as 2780 ng. This assumes a 100% collection efficiency of the sorbent tube.

Furthermore, integration of this curve between 0 and 10 min was used to find the amount released in the first 10 min to be 1680 ng; this equates to approximately 60% of the total amount of DMNB within the porous silica. Approximately 84% was released within the first 20 min and approximately 94% in the first 30 min.

[Equation [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} gives the total mass *M*~T~, in ng, of DMNB that has passed over the porous silica preconcentrator during a given loading time *t*, in minwhere *F* is the flow rate in mL/min; *c* is the concentration in ppm; *V*~m~ is the molar volume, in L/mol, of an ideal gas at room temperature and pressure; and *M*~m~ is the molar mass of DMNB in g/mol. This equation includes the assumption that the analyte gas behaves ideally, which, at the low concentrations present, is acceptable.

In the case of sample 3, in which 0.5 ppm DMNB was passed over pSiO~2~ for 30 min at 125 mL/min, *M*~T~ = 14,380 ng. The collection efficiency of the preconcentrator can therefore be calculated using the following equationwhere *M*~C~ is the total mass collected by the silica, measured by GC--MS, and *M*~T~ is the total mass passed over the silica, calculated using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. For sample 3, the collection efficiency is approximately 2780/14,380 = 20%.

### 2.4.2. Capacity of the Preconcentrator {#sec2.4.2}

In order to calculate the approximate capacity of the preconcentrator for DMNB, first, the total surface area of pSiO~2~ must be calculated. For this, the BET surface area per gram of 120.4 m^2^/g was used (see [Section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}). The mass of an 8 μm thick layer of porous silica is calculated to be approximately 1.87 × 10^--3^ g, from simple geometry and using a porosity of 50%. Therefore, the total surface area of the porous layer is estimated to be 0.23 m^2^. Greater detail of this calculation is provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf).

Using this surface area, a rough calculation indicates that the mass of DMNB needed for the monolayer coverage of the porous surface is approximately 260,000 ng. By comparison, a flat surface of the same area would require only about 200 ng to cover it. Greater detail of these calculations is also given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf).

For the case of sample 3 discussed above, a total of 2780 ng DMNB was adsorbed onto pSiO~2~; this equates to approximately 2780/260,000 = 1% surface coverage.

This calculation is approximate, and in practice, the entire surface area is unlikely to be readily accessible to the DMNB molecules. In some of the experiments with a higher DMNB concentration or a longer loading time, the mass of DMNB collected was a few times higher than that for sample 3, as can be seen in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}--[5](#fig5){ref-type="fig"}. Nevertheless, the maximum pSiO~2~ surface coverage during these experiments was still well under a monolayer.

These calculations provide an interesting insight into some of the previous experiments. In the results in [Sections [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"} and [2.3](#sec2.3){ref-type="other"}, the mass of DMNB collected from the flat surface at 5 °C was about 1000 ng. This is greater than the 200 ng which should constitute a monolayer coverage, according to the calculations in this section. There must, therefore, be multiple layers of DMNB on the surface, providing more evidence that the DMNB molecules close to the cold surface are above their saturation vapor pressure at this temperature.

3. Conclusions {#sec3}
==============

In conclusion, this work has shown that the pSiO~2~ preconcentrator provides a substantial advantage over a flat surface in its ability to collect DMNB. This is especially apparent at a 20 °C loading temperature, where the enhancement factor---the ratio between the mass collected on the porous surface and the mass collected on the flat surface, under the same conditions---was approximately 12 at 0.5 ppm and 16 at 4.1 ppm. Further works investigating the preconcentration ability of this material at lower concentrations, which are more likely to occur in real-world conditions, will be carried out as a next step.

The collection efficiency of the preconcentrator is approximately 20% at 0.5 ppm DMNB in N~2~ carrier gas, after 30 min loading. The preconcentrator has a large surface area, and under the same conditions, it is estimated that only approximately 1% of the surface was covered. At lower real-world concentrations, it could reasonably be expected to take days to become saturated with DMNB. This suggests that it might be most useful as a permanent location-based device, for example, in a room or venue, where there is a risk of an explosive being planted. Used in this manner, it would passively collect DMNB vapor until release by heating in an existing system, such as IMS. The instantaneous released concentration in this situation would be higher than the background concentration in the room, aiding detection.

Finally, decreasing the loading temperature does not appear to have an impact on the collection ability of the preconcentrator for the reasons discussed above, thus eliminating the need for a cooling system in the final device. Although the silica was only heated to 70 °C in this work because of the limitations of the Peltier heating/cooling system used, it can withstand much higher temperatures. A higher release temperature could be used in future works, if necessary, to decrease the time taken for the preconcentrator to release the stored DMNB, hence improving the measurement time.

4. Experimental Section {#sec4}
=======================

4.1. pSiO~2~ Fabrication {#sec4.1}
------------------------

A boron-doped p-type silicon wafer of dimensions 25 × 25 × 0.525 mm, with a resistivity of 0.01--0.02 Ω cm and orientation (100), was etched electrochemically in a 1:1 mixture of 48% hydrofluoric acid and ethanol, following the procedures detailed in the study by Sailor, Section 2.8.^[@ref8]^ A current density of 120 mA/cm^2^, applied for 115 s, resulted in a cylindrical porous layer. This layer had a diameter of 1.5 cm, thickness of approximately 8 μm \[measured by scanning electron microscopy (SEM), see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}\], and porosity of approximately 50% (calculated by the spectroscopic liquid infiltration method^[@ref8]^).

![Cross-sectional SEM image of a cleaved porous silica wafer.](ao0c01615_0007){#fig7}

The freshly etched porous silicon was then thermally oxidized in oxygen at 800 °C for 16 h, resulting in a porous silica layer on top of a crystalline silicon substrate. This process improves stability because an uncontrolled native oxide layer otherwise forms on the surface of unoxidized silicon.

Nitrogen isotherm analysis (3Flex Analyzer, Micromeritics) was carried out on an oxidized sample, and the surface area per gram was found by the Brunauer--Emmett--Teller adsorption isotherm analysis to be 120.4324 m^2^/g. The Barrett--Joyner--Halenda adsorption pore size distribution, which is shown in Figure S2 in the [Supporting Informatio](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf)n, gave the average pore diameter as 23 nm. The material, therefore, is classified as mesoporous by traditional IUPAC definitions (as its pores are between 2 and 50 nm diameter).

4.2. Vapor Generation {#sec4.2}
---------------------

A diffusion tube was filled with solid DMNB (Sigma-Aldrich) and placed inside an Owlstone Vapor Generator, which heated it to 75 or 100 °C under a 125 mL/min flow of N~2~ gas. A gravimetric calibration was carried out to determine the concentrations of DMNB at these two temperatures to be 0.5 and 4.1 ppm, respectively. This calibration was done according to the procedure detailed in the Owlstone guide, and details are given in Figure S3 and Table S3 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf).^[@ref24]^

The gas then flowed via the polytetrafluoroethylene tubing into a four-port valve. A separate line of pure N~2~ was also connected into the valve, which was used to switch between DMNB-containing N~2~ and pure N~2~. The outputs of this valve were an exhaust line and a sealed polyether ether ketone cell containing the pSiO~2~ preconcentrator, attached by a thermally conducting rubber sheet to the Peltier heating/cooling device. A rubber O-ring of 1.5 cm diameter sealed the cell and ensured that only the porous part of the surface was exposed to the gas flow. A schematic of the cell is given in Figure S4 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf). The overall dimensions of the device---including the heat sink, the Peltier device, and the pSiO~2~ preconcentrator contained in the flow cell---are approximately 60 × 60 × 45 mm. Figure S5 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf) shows a schematic of the whole gas generation and transportation system.

4.3. GC--MS Analysis {#sec4.3}
--------------------

During the loading phase, Tenax TA sorbent tubes (Markes International) were attached to the outlet of the flow cell, as illustrated in Figure S5 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf). A Sidekick pump (SKC Ltd.) was used to draw gas at a rate of 1000 mL/min through the sorbent tube; the excess was made up with ambient air.

After collection, the sorbent tubes were stored in a refrigerator at approximately 4 °C. The analysis was done by thermal desorption GC--MS; all the parameters used are given in Tables S4 and S5 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf).

The sorbent tubes were thermally desorbed, and the released gas was collected on a cryo-focusing trap. This trap was then rapidly heated to desorb the analyte gas directly onto the GC column. A split flow may also be applied to reduce the amount of analyte, to enable the analysis of high-concentration samples.

The dominant ion peak in the DMNB mass spectrum was integrated in a window around the peak retention time. Information from known calibration standards was then used to quantify the mass of DMNB in the sorbent tubes. An example chromatogram is given in Figure S6 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01615](https://pubs.acs.org/doi/10.1021/acsomega.0c01615?goto=supporting-info).Close-up photograph of the flow cell, sorbent tube, and pump; raw data for 10 min release experiments; pSiO~2~ pore size distribution; raw data for release time experiment; details of the calculation of the porous surface area; details of the gravimetric calibration of DMNB; results of gravimetric calibration; cross-sectional schematic of the flow cell; schematic of the gas-flow setup; parameters for thermal desorption and GC--MS; example chromatogram from the GC--MS analysis ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01615/suppl_file/ao0c01615_si_001.pdf))
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